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Abstract
Determining what factors affect the structuring of genetic variation is key to deciphering
the relative roles of different evolutionary processes in species differentiation. Such infor-
mation is especially critical to understanding how the frequent shifts and fragmentation of
species distributions during the Pleistocene translates into species differences, and why the
effect of such rapid climate change on patterns of species diversity varies among taxa. Studies
of mitochondrial DNA (mtDNA) have detected significant population structure in many
species, including those directly impacted by the glacial cycles. Yet, understanding the ultimate
consequence of such structure, as it relates to how species divergence occurs, requires dem-
onstration that such patterns are also shared with genomic patterns of differentiation. Here





 to assess the evolutionary significance of past demo-
graphic events and associated drift-induced divergence as inferred from mtDNA. As an
inhabitant of the sky islands of the northern Rocky Mountains, this species was subject to
repeated and frequent shifts in species distribution in response to the many glacial cycles.








 is evident at two different
geographic and temporal scales: recent divergence associated with the recolonization of the
montane meadows in individual sky islands, as well as older divergence associated with
displacements into regional glacial refugia. The genomic analyses indicate that drift-induced
divergence, despite the lack of long-standing geographic barriers, has significantly contrib-
uted to species divergence during the Pleistocene. Moreover, the finding that divergence
associated with past demographic events involves the repartitioning of ancestral variation
without significant reductions of genomic diversity has intriguing implications — namely,




: AFLPs, coalescence, genomic, historical demography, sky islands, speciation, statistical
phylogeography 
 




The Pleistocene glaciations indisputably had a major impact
on many taxa as species distributions shifted repeatedly
and frequently in response to the climatic fluctuations














1996); but how these effects translate into population or
species divergence is not clear. Based on analyses of the
timing of species origin, it is now clear that the effects of the
Pleistocene glaciations varied among taxa (e.g. Weir &
Schluter 2004), apparently inhibiting divergence in some
species (e.g. Cracraft & Prum 1988; Bush 1994; Riddle 1996)




. 1992; Klicka & Zink
1997; Avise & Walker 1998; Knowles & Otte 2000; Knowles
2000, 2001a; Ayoub & Riechert 2004). One step toward
understanding the differing response to this dynamic
history is to understand what factors contribute to species
divergence. Two hypotheses might explain how species
were able to diversify during the dynamic Pleistocene:
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(i) divergence is selectively driven, or (ii) genetic drift
associated with displacements into glacial refugia and/or
recolonization of previously glaciated areas has promoted
divergence, thereby implying that the glacial cycles themselves
played a direct role in Pleistocene speciation.
The genetic signature of past biogeographic and demo-
graphic events has been studied primarily from mitochon-
drial DNA (mtDNA) sequences. The smaller effective
population size of mtDNA as compared to nuclear loci makes
mtDNA a desirable molecular marker for reconstructing
detailed species histories, especially with the shift towards
analysing such data in a statistical-phylogeographic frame-
work (Knowles & Maddison 2002; Knowles 2004). However,
consideration of many loci is essential if the evolutionary
significance of past demographic and biogeographic events
(in terms of their contribution to species divergence) is to
be determined. Individual loci can evolve under a diverse
set of models, including selection. Therefore, only with an
analysis of genomic variation can the base-level effect of




. 2001). For example,
significant population structure revealed by analysis of
mtDNA may suggest drift-induced changes played a
prominent role in species divergence. However, the evolu-
tionary significance of such events is limited by the extent
to which patterns of genomic variation have been similarly
affected.






the evolutionary significance of past demographic events
associated with the repeated shifts in species distributions








 is among a group of
Rocky Mountain sky island inhabitants that originated
during the Pleistocene and underwent a rapid radiation (i.e.
38 species within the last 2 million years) (Knowles 2000;








 is flightless with
extremely reduced wings and broadly distributed among
the ‘sky islands’ of the northern Rocky Mountains. This
region was covered by the Cordilleran ice sheet and a net-





. 1981; Pielou 1991). Palynological
records indicate that taxa in this region underwent both
latitudinal and elevational shifts in distribution repeatedly
in response to the many glacial cycles (Wolfe 1987; Singh
1988; Huntley & Webb 1989; Pielou 1991; Elias 1996).
Despite this dynamic history, statistical-phylogeographic








suggests that divergence in this species occurred at two
different temporal and spatial scales (Knowles 2001a, b).
Recent and local divergence associated with the recolon-
ization of individual sky islands, as well as regional differ-
ences associated with displacements into allopatric glacial
refugia in the past, were inferred from patterns of mtDNA
variation. Drift, rather than gene flow, appears to be the

















 is highly structured, as






 analyses and genealogical
estimates (Knowles 2001b). None of the mitochondrial
haplotypes are geographically widespread and all shared
haplotypes occurred between phylogenetically closely
related populations, not geographically proximate popula-
tions, indicating a lack of current gene flow or isolation by






values and the geographic distances separating populations
(see Fig. 7, Knowles 2001b). Instead, there is substantial






 values of individual pairs of popu-
lations across all geographic distances, which is consistent
with a drift-dominated system (Hutchinson & Templeton









 is flightless and restricted
to isolated montane meadows).
Significant genetic structure and differentiation is not
expected in genomic patterns of variation unless the drift-
induced divergence associated with past demographic
events has indeed played a critical role in Pleistocene
divergence — species distributions shifted frequently in
response to the glacial cycles and nuclear loci require a
greater amount of time for lineage sorting compared to
mtDNA. Here we characterize and analyse AFLP data to
test the hypothesis that both recent and local, as well as
older and regional, demographic events have played a sig-
nificant role in species divergence (i.e. patterns of genomic
variation reflect divergence associated with two different
spatial and temporal scales). Using an explicit geographic
framework, we are able to demonstrate that despite a
dynamic history, significant genomic differentiation is
associated with both displacements into glacial refugia and
recolonization of previously glaciated areas. These results
provide strong support for Pleistocene divergence models
postulating that shifting species distributions would have
promoted species divergence (e.g. Mengel 1964; Haffer
1969, 1997; Hewitt 1996, 1999). Rather than relegating genetic
drift as an insignificant factor in species divergence (e.g.
Coyne & Orr 2004), this study demonstrates the evolutionary
importance of drift-induced divergence associated with





Collections, DNA sequencing, and AFLPs
 





 (Acrididae: Melanoplinae: Indigens species
group) (Knowles 2000) from the sky islands of mountain
ranges in western Montana and northwestern Wyoming
(Fig. 1). Populations throughout its range were sampled;
134 individuals from 14 populations were collected (see
Appendix).
 










AFLP fragments generated by 16 primer pair combina-
tions (E-ACC and E-ACT each paired with M-CAA, CAC,









I) were used in a preliminary screen of 12 individuals
from different populations. Based on these results, two
primer combinations (E-ACC/M-CTT and E-ACT/M-CTT)
were chosen because they produced a manageable number
of fragments that were well separated. AFLP fingerprints
were generated with the ‘AFLP analysis system 1’ accord-





primer labelled with fluorescent dye (FAM, blue) was used
for runs on an ABI 3730 sequencer with the internal size
standard ROX500 (Applied Biosystems). To minimize the




. 2002), small fragment sizes were avoided and target
fragments (i.e. distinct bands that display the same electro-
phoretic mobility) were chosen within the size range of




. 2003). Each individual





 software (version 1.6, Montana
State University; http://hordeum.msu.montana.edu/
genographer). Only unambiguously detectable fragments
were scored.
Because the AFLP method employs a polymerase chain
reaction (PCR), the technique can rapidly generate large
numbers of reproducible anonymous markers for organ-
isms in which there is a lack of prior genomic information.
Consequently, AFLPs have been widely used as genetic
markers. Moreover, they have a demonstrated utility for
various types of study due to their random genomic dis-
tribution, including applications for phylogeographic (e.g.





Fig. 1 Map of the sky islands of northern Rocky Mountains showing the geographic distribution of sampled populations (ID, Idaho;




L .  L .  K N O W L E S  and C .  L .  R I C H A R D S
 








. 2004) and mapping studies [quantitative trait loci





Hawthorne 2001; Parsons & Shaw 2002]. To confirm the
reliability of AFLPs in this study, a subset of 20 loci was
also electrophoretically separated on a manual gel, where





. 1995 for protocol), and sequenced (e.g. Parsons
& Shaw 2002). Likewise, two separate amplifications for
independent determination of individual genotypes were




 = 48) to confirm the
repeatability of the AFLP procedure (error rate = 0.04% per
locus). An interlocus comparison was also used to confirm
that divergence of individual loci was consistent with a




, Beaumont & Nichols
















A Bayesian framework was first used to determine whether
the geographic model inferred from the mtDNA gene tree
(Knowles 2001b) accurately reflects the species history. To
identify ancestral glacial refugial source populations, the





delimited by distinct allele frequencies based on the AFLP
data. The posterior probability conditioned on priors based
on the presumed refuges inferred from the mtDNA phylogeny
(see Appendix), that is an eastern, central, and western
glacial refugial source population (Knowles 2001a), were








. 2000). Individuals were assigned




 inferred glacial refugial source
populations. A burn-in period of 30 000 iterations was




 iterations under a no-
admixture model for each of three replicates to test for a
correspondence between the mtDNA-based geographic
model and patterns of genomic variation.
Estimates of the genetic diversity and genetic structure
at both the local and regional geographic scales were then
tested using moment and likelihood estimators. Hierarchi-
cal structuring of genetic variation (i.e. regional differences
associated with displacements into glacial refugia and
local divergence associated with individual sky islands,






 distances were measured












. 1992); an assumption of Hardy–Weinberg
equilibrium was used for these calculations since AFLP
markers must be analysed as dominant loci. Significance of





determined with 1000 permutations. An analogous meas-























, were also calculated using










2002); a free model and a burn-in of 50 000 and sampling





A total of 140 AFLP loci were scored in each individual;
none were fixed within specific populations. The posterior




 genetic groupings are












values indicating that the data are consistent with of model
of three genetically distinct groups. In terms of the genetic
make-up of individual specimens (Fig. 2), some individuals
were estimated to have a genetic make-up consisting 100%
from a particular ancestral glacial source population
whereas 34% of the individuals sampled were estimated
to have a mixed ancestry. Individuals of mixed ancestry
were present in most sky island populations (i.e. in 10 of
the 14 populations). With the possible exception of the
Absorka Mountains the absence of individuals of mixed
ancestry most likely reflects limited sampling of individuals,






 detected significant population structuring
of genomic variation at both the local and regional geo-
graphic scales (Table 2) corresponding to the recolonization
of individual sky island populations and displacements
into glacial refugia, respectively (Appendix). Regional
and local geographic differentiation explained 15.1% and
13.5% of the total molecular variance, respectively. Similar






 in Table 2) were obtained
with the Bayesian approach that is not constrained by
assumptions of Hardy–Weinberg equilibrium. Because
















. Comparison of the deviance information criterion
Table 1 Inferring the number of clusters, k, with structure
program* (a model-based Bayesian clustering method) without
using population priority information (burn-in of 30 000 iterations
and collected data for 106 iterations; 3 independent simulations
were run to establish posterior probabilities of k were consistent
 
 







*The estimated posterior probabilities are indicative of which 
models are consistent with the data (Pritchard et al. 2000).
 










(DIC) between each of the regional and local geographic







data not shown) provided further evidence that there are
significant population genetic differences (e.g. Holsinger &















 sky island populations ranged from 0.188






 of 0.227 (Table 3). Levels of
regional diversity corresponding to the different glacial







 of 0.226, 0.265, and 0.251 for the populations from





Drift-induced divergence associated with the repeated shifts
in species distributions and fragmentations of populations
during the Pleistocene appears to have played an important





the frequent shifts in species distributions and the larger
effective population size of nuclear markers relative to
mtDNA, the genetic signature of past demographic events
suggested by analysis of mtDNA sequences (Knowles
2001b) was also recovered from genomic patterns of
variation. This correspondence is testament to the evolu-
tionary significance of genetic drift in species divergence
Fig. 2 Genotypic make-up for each individual from the three inferred glacial-source populations (k = 3) where each individual’s genome is
represented by a thin vertical line partitioned into coloured segments in proportion to the estimated ancestry. The genotypic composition of
an eastern, central, and western ancestral glacial source population is represented in red, green, and blue, respectively. Results are shown for
one run; each run of the algorithm yielded nearly identical results (burn-in 30 000 iterations and collected data for 106 iterations for each run).
Table 2 Analysis of molecular variance (amova) for grasshopper AFLP data*
 
 
Source of variation d.f. Φ-statistic† % total P value
Among glacial refugia 2 ΦCT = 0.15 15.1 < 0.001
Sky island populations/glacial refugia 11 ΦSC = 0.16 13.5 < 0.001
Individuals/populations 120 ΦST = 0.28 71.4 < 0.001
*Bayesian estimates (using hickory: free model) where similar (θB = 0. 21 and 0.23); 95% credible intervals overlap estimates from amova 
(burn in 50 000 and sampling run of 500 000 iterations).
†CT, variance among groups of populations; SC, variance among the populations within groups; ST, variance among the individuals within 
a population.
Table 3 Bayesian estimates of genetic diversity, HS (defined as
average panmictic heterozygosity within each population,
Holsinger 1999; hickory, Holsinger et al. 2002)
 
 
Population HS 95% credible intervals
Absorka Mountains 0.238 0.215–0.262
Maddison Mountains 0.241 0.220–0.263
Big Snowy Mountains 0.203 0.176–0.233
Gallatin Mountains 0.251 0.226–0.278
Boulder Mountains 0.227 0.194–0.263
Crazy Mountains 0.222 0.197–0.249
Big Belt Mountains 0.207 0.175–0.242
Gravelly Mountains 0.219 0.196–0.244
Livingston Mountains 0.188 0.157–0.222
Mission Mountains 0.219 0.189–0.251
Beaverhead Mountains 0.288 0.269–0.307
Tobacco Root Mountains 0.229 0.207–0.253
Wind River Mountains 0.227 0.199–0.256
Little Belt Mountains 0.220 0.184–0.259
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(Knowles 2004), even in the absence of long-term geographic
barriers.
The effects of drift-induced species divergence are evid-
ent at two temporal and geographic scales corresponding
to divergence associated with displacements into glacial
refugia and recolonization of previously glaciated areas.
Contrary to other recently expanded populations (e.g.
Zink & Dittmann 1993; Avise 1994), the results in this study
indicate that the Plesistocene glacial cycles themselves
played a direct role in species divergence (e.g. Comes &
Kadereit 2003; Ayoub & Riechert 2004; Galbreath & Cook
2004; Schönswetter et al. 2004; Yeh et al. 2004). The reparti-
tioning of ancestral variation evident in this study without
the wholesale purging of genetic variation (Fig. 2) also has
intriguing implications for a potential interplay between
selection and drift-induced divergence associated with
biogeographic and demographic events (see below).
Phylogeographic concordance
The displacements into allopatric glacial refugia and recol-
onization of previously glaciated areas was postulated to
be important in driving divergence in these grasshoppers
(Knowles 2001a, b) and in promoting the radiation of the
genus Melanoplus (Knowles et al. 1999; Knowles & Otte
2000). However, as with many other studies, the species
history was inferred from mtDNA. The actual evolutionary
significance of past demographic and biogeographic events
thereby remained unknown without assessing their impact
on patterns of genomic variation, in addition to risk of
misinterpreting the biogeographic and demographic past
(Hey & Machado 2003; Knowles 2004) as single loci may
not accurately reflect the species history due to the stochastic
nature of the lineage sorting process (Takahata 1989;
Maddison 1997; Edwards & Beerli 2000; Knowles & Maddison
2002).
Tests of genomic differentiation indicate that both
displacements into glacial refugia and recolonization of
contemporary sky island populations contributed to diver-
gence in M. oregonensis. This conclusion is robust and con-
sistent across different analytical methodologies (Table 2),
thereby confirming that historical inferences based on
mtDNA were indeed accurate. There is substantial variation
among the FST values of individual pairs of populations
across all geographic distances (paralleling the patterns
of differentiation observed in the mitochondrial DNA,
Knowles 2001b), which is consistent with a drift-dominated
system (Hutchinson & Templeton 2000). This is in accord
with the natural history of M. oregonensis, which is flight-
less and restricted to isolated montane meadows.
In addition to indicating that the historical inferences
based on the mtDNA were accurate, the data also demon-
strate the evolutionary significance of genetic drift asso-
ciated with past biogeographic and demographic events.
Detecting the genealogical signature of such events was
challenging even with mtDNA — there was considerable
incomplete lineage sorting of mtDNA lineages at both local
and regional geographic scales. Only with a geographically
explicit coalescent model was historical divergence
associated with displacements into allopatric refugia
statistically discernable (Knowles 2001b). Consequently,
during the dynamic Pleistocene, genomic patterns of
differentiation (with the larger effective population size of
nuclear loci) are only likely when genetic drift associated
with past demographic events is considerable (Knowles
2004).
Role of genetic drift in Pleistocene divergence
The significant genetic differentiation (Table 2) without
significant reductions in genetic diversity (Table 3) indicates
that divergence reflects the repartitioning of ancestral
variation. Not only was the genetic diversity within popu-
lations not very low (see Nei 1987 for comparative data),
but many individuals also were of mixed ancestry (Fig. 2).
Again, this pattern of significant genetic differentiation
without purging ancestral variation corresponds to analyses
of mtDNA sequences (Knowles 2001a, b).
This type of drift-induced divergence, in contrast to
differentiation arising from severe bottlenecks, has two
interesting implications. First, initial drift-induced differ-
ences may be further amplified by selection since the
requisite variation for selection to act upon would be readily
available. Divergence based on standing genetic variation can
result in rapid adaptive evolution in contrast to divergence
that relies on the appearance of new mutations (Orr &
Betancourt 2001; Gavrilets 2003). Second, the repartitioning
of ancestral variation itself could set the stage for selec-
tion to operate. For example, changes in the shape of the
adaptive landscape (e.g. Whitlock & Fowler 1996; Knowles
et al. 1999) or shifts of populations to different positions
along the adaptive landscape (e.g. Gavrilets 1997, 2003) may
result, potentially leading then to rapid selectively driven
divergence.
In the context of M. oregonensis, and montane melanop-
lines in general, this potential interplay of drift-induced
changes with selection might explain why these grass-
hoppers were able to speciate during the Pleistocene. The
species are morphologically very similar, differing prim-
arily in the shape of the male genitalia, a sexually selected
character that may affect reproductive isolation (Eberhard
1996). If the phenotypic variation of such a character was
affected like the genomic data, then the drift-induced
changes may set the stage for rapid selectively driven
divergence, for example, by initiating a runaway selective
process. The male genitalia in Melanoplus species have
undergone rapid divergence, as inferred from phylogenetic
analysis (Knowles 2000). Moreover, because divergence is
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hierarchically structured (i.e. older divergence associated
with displacements in glacial refugia and recent diver-
gence associated with postglacial recolonization of the
sky islands), reinforcing selection could also contribute to
species divergence. Irrespective of whether divergence
affecting reproductive characters is driven by drift or selec-
tion, when divergent sky island populations are displaced
into a common glacial refuge, hybrids from such inter-
populational matings may be at a selective disadvantage.
Analysis of a closely related melanopline, Barytettix, has
demonstrated that there is strong selection against hybrid
males with intermediate genitalic morphologies (Knowles
et al. 2005). Future studies will investigate whether there is
geographic variation in genitalic characters in M. oregonensis
to evaluate whether the proposed integrative model of
drift-induced change and selectively driven divergence is
tenable.
Conclusions
This study demonstrates that drift-induced divergence
associated with both the colonization of sky islands and
displacement into multiple glacial refugia during the
Pleistocene has contributed to divergence in Melanoplus
oregonensis. Significant genomic differentiation occurred in
the face of frequent shifts in species distributions and was
evident despite the larger effective population size of
nuclear loci. The results clearly indicate that the historical
biogeographic and demographic events during the Pleistocene
are indeed of significant evolutionary consequence, and
thereby demonstrate the important role genetic drift plays
in species divergence, even in the absence of long-standing
geographic barriers. Moreover, differentiation occurred
via the repartitioning of ancestral variation, rather than
by severe bottlenecks. This mode of divergence provides
conditions in which initial drift-induced differences may
be further amplified by selectively driven ones, generating
the potential for rapid evolutionary divergence, and possibly
explaining why speciation was not inhibited in these
grasshoppers during the Pleistocene. When the results from
this study are considered in conjunction with previous
work on the timing of species divergence (Knowles 2000;
Knowles & Otte 2000 ), they support the contention that
speciation did not simply coincide with the glaciations, but
that the glaciations played an active role in diversification
(Hewitt 1996; Weir & Schluter 2004).
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Appendix
 Sampling localities with number of individuals of Melanoplus oregonensis sampled at each site (n). The geographic positions of sky island
populations are indicated in Fig. 1.
Sky island populations n Ancestral refugial population*
Absorka Range, Beartooth Plateau, Carbon Co., MT 9 Eastern
Madison Range, Lone Mountain, Madison Co., MT 9 Western
Big Snowy Mountains, Fergus Co., MT 11 Eastern
Gallatin Range, Teton Co., WY 14 Western
Boulder Mountains, Jefferson Co., MT 10 Central
Crazy Mountains, Sweet Grass Co., MT 5 Eastern
Big Belt Mountains, Meagher Co., MT 2 Central
Gravelly Range, Madison Co., MT 14 Western
Livingston Range, Glacier Co., MT 3 Eastern
Mission Range, Missoula Co., MT 12 Central
Beaverhead Mountains, Sawtelle Peak, Fremont Co., ID 9 Western
Tobacco Root Mountains, Madison Co., MT 6 Western
Wind River Range, Teton Co., WY 2 Eastern
Little Belt Mountains, Cascade Co., MT 28 Western
Total 134
*Population assignments based on mitochondrial gene tree (see Knowles 2001b).
